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Abstract

Using a high-efficiency, high-resolution transmission grating spectrometer,
we measured krypton spectra over the wavelength range 3450-3900A in
the low-energy electron beam ion trap EBIT-II at Lawrence Livermore National
Laboratory. In total, we analyzed 78 line features, of which only about 20 lines
are listed in standard databases. Their wavelengths were determined with accu-
racy of 0.2-0.5 A. Different widths of lines from near-neutral and highly-ionized
krypton atoms are attributed to ion motion and to the radial extent of the
trapped-ion cloud.

1. Introduction

Optical spectral data of krypton are of particular interest for
the diagnostics of laboratory fusion plasmas. As a potential
radiation medium, Kr can be used to establish a radiative
cooling cushion in the edge and divertor regions of large-
tokamak and stellarator fusion plasmas [1,2]. Information
from the observation of Kr spectral lines can be used to deter-
mine local plasma conditions such as fluctuations, radiation
and transport, which are fundamentally important to under-
standing the performance of radiative divertor and the effects
of impurity injection as well as the confinement of the fusion
plasma.

Previous measurements of the optical spectrum of Kr
mostly concerned low-charge state Kr (Kr I to Kr III) spectral
lines that were observed using low-pressure vapor lamps
(Geissler tubes) in the 1930s [3-6], and a number of
wavelengths were then determined with very high precision.
In recent years, several measurements have also been made
on electric-dipole forbidden transitions of highly charged Kr
ions [7-11]. However, as is shown in this paper, the optical
regime contains many more lines than tabulated in the earlier
work. Most of these optical Kr lines have never been identified.

Our optical measurements used the low-energy electron
beam (E < 35keV) ion trap EBIT-II at Lawrence Liver-
more National Laboratory [12]. EBIT-II provides ions with
charge states appropriate to fusion plasmas, at particle
densities that also are comparable to those in laboratory
fusion plasmas [13]. Moreover, EBIT-II provides a well-
confined ion plasma that permits steady-state measure-
ments of ion spectra. In this paper, we present the results
of measurements on krypton that employed a novel trans-
mission grating spectrometer with a nominal maximum
spectral resolving power exceeding 15000. This instrument
was previously optimized for work on the Livermore elec-
tron beam ion traps [14,15] to detect the faint emission of
the 1s hyperfine transitions of hydrogen-like heavy ions.

2. Experimental set-up and data analysis

Kr was injected into our electron beam ion trap using a
differentially pumped gas injector. The gas plume intersects
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the electron beam at right angles. The quantity of the injec-
tion was controlled so that the ion density in the trap was
on the order of 108-10° cm~3. Along the drift tube axis (and
magnetic field direction), the ions were confined by an electric
potential difference applied between the middle and the outer
drift tubes. The trapped ion cloud was periodically dumped
(by lowering one of the outer drift tube voltages) in order
to avoid the accumulation of ions from heavier elements such
as tungsten that are emitted in low quantities by the electron
gun filament.

The optical Kr spectrum was dispersed using a trans-
mission grating spectrometer LTGS-I [14,15]. The spectro-
meter uses a high-efficiency grating of 15cm diameter,
with a transmission efficiency of approximately 94% at
3510 A [16]. The two lenses needed to first provide parallel
light for the grating and then focus the diffracted light onto
the detector had an aperture ratio of f/4.6. As measured
with a standard platinum lamp and a 30 um wide spectro-
meter slit, the resolving power of the spectrometer system
can be as high as about 15500 at 3875A. In our obser-
vations on EBIT-II, the resolving power of the instrument
was somewhat lower, because we did not use any physical
entrance slit, but exploited the small lateral extent of the
light source directly, in order to make optimum use of the
available light emission. For short-lived levels excited by
the electron beam, this implies a width of the light-emitting
zone that is close to that of the electron beam itself. This
typical width of 60 um is a factor of 2 wider than the slit
used in the offline testing of the spectrometer. Moreover,
spectral lines emitted by ions in EBIT-II are broadened by
the thermal ion motion (Doppler broadening). Further line
broadening occurs when lines from metastable ions are
observed, because ions excited to long-lived levels may
leave the excitation volume before they emit radiation,
and the actual trapped-ion cloud may extend well outside
the electron beam. The full-width at half-maximum
(FWHM) of a typical spectral line from low-charge state
ions in our spectra is 0.92 A (see Fig. 1), corresponding to
an effective spectral resolving power of about 3800. By
contrast, the observed width of lines from highly charged
trapped Kr ions is about 1.5A (see Fig. 2), which corre-
sponds to an effective spectral resolution of 2600. If we
assumed that the increased broadening was due solely to
the ion motion, we could infer an ion temperature of about
1100eV. This temperature agrees with values measured
under similar experimental conditions using high-resolution
crystal spectrometers [17,18]. If we assumed that the line
width instead was the result of source broadening, we
would infer an “‘effective’ ion cloud radius which is about
1.6 times that of the electron beam. Such broadening was
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Fig. 1. Sections of Kr spectra at three electron beam energies: 1300 eV (top), 600 eV (middle) and 1000 eV (bottom). The upper two spectra were taken in the electron
trapping mode, while the bottom spectrum was observed in the inverted trapping mode.

inferred from other measurements of metastable optical
lines [11]. Similar observations, but from direct imaging of
the ion cloud onto a CCD camera, have recently been
reported from the NIST EBIT [19]. Of course, we expect
that both Doppler broadening and source broadening con-
tribute to the overall line width observed.

A cryogenically cooled CCD camera was employed to
record the spectrum. The CCD chip had 1024 x 1024 pixels
of size 24 pm x 24 pm, and each CCD image covered a
wavelength range of about 120A. In order to cover the
wavelength range from 3450 A to 3900 A, the CCD camera
was set to four different positions located along the focal
plane of the imaging lens of the spectrometer. We allowed
ample spectral overlap between adjacent camera positions.
To enhance the signal-to-noise ratio and to reduce the sig-
nal read-out time, CCD pixels were binned in groups of
four in the non-dispersion direction. Each krypton
spectrum was taken with a 20-minute exposure. Right after
each Kr spectrum, a 20-minute-exposure background
spectrum was taken with the gas injection switched off.
This allowed us to subtract from the raw Kr spectra most
of the background emission that among other contributions
originates from intrinsic impurities.

3. Data analysis

Each spectral line was fitted with a Gaussian function to its
line profile. The wavelength calibration of the spectrometer
system used well-known lines from singly and doubly ionized
Ne, Ar and Kr atoms and was accomplished in situ. Cali-
bration spectra were obtained with EBIT running in
inverted-trap mode [14,20]. The inverted-trap mode is
arranged by removing the electric potentials applied to the
end electrodes of the trap, so that any ions in the trap region
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are actively expelled from the trap volume. Injected atoms
(from the ballistic gas injector) cross through the electron
beam; the interaction time between atoms in the gas plume
and the electron beam is sufficient for atoms to be ionized
singly, or at most a very few times. Spontaneous decays
of the typical nanosecond-lifetime excited levels take place
in or very near to the electron beam volume.

The wavelengths of many optical lines from singly to
triply ionized Ne, Ar, and Kr atoms have been previously
measured with high precision, and the data are well
documented in existing databases [21,22]. The lines used
for the calibration of our spectra are listed in Table 1. To
obtain the spectrometer dispersion function, the calibration
lines were fitted to a linear function using the Least
Chi-square fit for each measurement position. Although
the focal plate of the grating is not perfectly flat across
whole measurement positions, linear fits give very good
approximations in all cases; the Linear Correlation Coeffi-
cients are from 0.99998 to 1. The resulting dispersion of
the spectrometer is 0.1390 + 0.0004 A /channel.

Small spectral shifts (up to 5 CCD pixels) were observed
during the course of our measurements, which we attribute
to changes in the surrounding conditions such as mechan-
ical vibrations and temperature variations. These shift were
actively tracked by using some strong lines served for in
situ calibrations. This way, we were able to reduce
uncertainties of the line wavelengths caused by this shift.
However, the shift has not been systematically measured
and total correction was not possible. This shift increases
the wavelength uncertainties over those expected from the
resolving power of the spectrometer.

We determined the uncertainty on the measured
wavelengths by analyzing the statistical fitting error of each
line as well as the uncertainty from the calibration which
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Fig. 2. Kr spectra recorded at an electron beam energy of 1300 €V at four camera positions in the focal plane of the transmission grating spectrometer. The width

of several lines is indicated to illustrate the observed range. The wavelengths of

Table . Lines used for the in situ calibration in the present
measurements.

Ton Wavelength (A) Ton Wavelength (A)
Ne II 3459.32 Kr 11 3564.23

Ne II 3479.52 Ne II 3568.5

Ne II 3480.72 Ne II 3574.18

Kr IIT 3488.59 Ne II 3574.61

Ar IIT 3499.67 Ar 11 3582.355

Ar 111 3503.58 Ar 1 3606.522

Kr IIT 3507.42 Kr II 3607.88

Ar 11 3509.778 Ar II 3639.833

Ar III 3511.12 Ne II 3643.93

Ar 11 3514.388 Ne II 3664.07

Ne I 3520.472 Kr IIT 3690.65

Ne II 3542.85 Kr II 3754.245

Ar 11 3545.596 Kr II 3778.089

Ar 11 3545.846 Kr II 3783.095

Ar 11 3559.508 Kr III 3868.70

Ar 11 3561.03 Kr II 3875.44
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all spectral features and their relative intensities are listed in Table II1.

was estimated as the maximum possible residual from the
calibration fitting. The total uncertainty given for the
inferred wavelengths then are the summation of the two.
The relative intensity of each line was determined by
normalizing to the strongest line: Si-like Kr?**, which is
of a magnetic dipole (M1) transition (3s*3p>*P;-’P,). The
intensity of this line was defined as 1000. To present
the relative intensity across the whole coverage of the
measurement, we used the spectra measured at the same
electron beam energy (1300eV) at all camera positions,
keeping the experimental conditions as constant as
possible. Further adjustments were made for spectra from
different positions by normalizing the intensities of lines in
the overlap regions of adjacent measurement positions.
The detection efficiency was assumed to be constant across
the spectral region. Due to the steep rising of the CCD
baseline (mostly from readout noise and thermal noise) at
both ends of the CCD chip (the first and last ~50
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channels, equivalent to about 7A for each CCD image),
this baseline could not be completely subtracted from the
Kr spectra (see Figs 1 and 2). During our relative intensity
analysis, we discard data from these end regions because
there is have sufficient spectral overlap among spectra
taken at different detector positions.

4. Results and discussion

Kr spectra were taken at selected specific electron beam
energies. The beam energies were chosen so that each
increment corresponds to an increase of the highest ionization
stage reached by one unit of charge. However, limited by the
minimum electron beam energy at which the electron beam
is stable and sufficient signal rate can be obtained, which
was about 150 to 200eV, we cannot distinguish by charge
state the lines of neutral and a few times ionized Kr ions.
One possible way of narrowing down this number of charge
states is using the “inverted trap” technique as mentioned
above. Since most of the spectral lines that show in the spectra
from an inverted trap are produced by ions with a charge
lower than 3 or 4, we can distinguish ions in the first few
ionization stages from all those ions of higher charge states.
Above the minimum beam energy, desired maximum-charge
states were successfully selected by varying the beam energy.

In total, we recorded Kr spectra over a range of twenty
electron beam energies from 200eV to 5000eV. Our
measurements scanned through Kr charge states from
neutral Kr to He-like Kr. A typical set of spectra from
our measurements is shown in Fig. 2. While most of the
charge state distribution encompasses just a few charge
states near the maximum possible (given by the largest
ionization potential not exceeding by the electron beam
energy), lines from neutral Kr and low charge-states (Kr I
to Kr V) were nevertheless also present in the spectra
recorded at high electron beam energies, because neutral
Kr gas was fed continually into the trap.

Although most of the resonance lines of highly charged
ions are in the X-ray region, some forbidden lines of these
ions appear in the optical region. Several optical lines have
been observed from highly charged Kr (Kr X to Kr
XXVIII). They are summarized in Table II. The strongest
line observed is at 3841.1 A. It appears in spectra recorded
at an electron energy of 970¢V and higher, which is just
above the ionization energy of Kr XXIII. This line has
been identified with the well-known magnetic dipole (M1)
transition of Si-like Kr??* (3s?3p?3P;-P,), and it has been

observed in a tokamak fusion plasma at 3840.940.3 A
[7] as well as in various electron beam ion trap devices
[8-10]; theory predicts this line at 3832 A [23]. The line
has been measured before on EBIT-II with LTGS-I, and
its wavelength had been determined to be 3841.4+0.2A
[11]. In the present measurement we determine its wave-
length to be 3841.1 +£0.2A. The present wavelength value
is slightly lower than the previous measurement, but this
within the combined 1o error bars. Moreover, the line was
found to have peculiar features [11], as illustrated in Fig. 2,
which shows details of the base of the line; these compli-
cate the determination of the centroid of the line. Also,
we cannot rule out blending with weaker lines from low
charge state ions, as has been noted in [11], although the
line is so strong that such blends should have a negligible
effect.

The second strongest line in our spectra is at
3466.64+0.2A. This line appeared in spectra recorded at
an electron energy of 900eV and higher, and it is therefore
identified with Kr XXII. This line has previously been
measured at 3464.7+0.6 A at the NIST EBIT [8] and has
been identified with the M1 transition Kr XXII 3s?3p?
2Dy /2-2D5/2. In a previous measurement at the Livermore
SuperEBIT device [10], the wavelength of this line was
determined to be about 3464+2A. This measurement
utilized a 1m Acton normal incidence spectrometer with
relatively low resolving power. The wavelength determined
by our measurement agrees with our previous measurement
within the uncertainty region, (we attribute this difference
to the higher spectral resolution achieved in the present
measurement), but differs from the NIST measurements
[8] by almost 2A. Because this line is located at the edge
of our measurement region, we investigated the reliability
of our measurement of this line. One possible error could
be that there was one calibration line (Ne II at 3459.32 A)
on the shorter wavelength side of this line, and mis-
identification of the calibration line could cause error on
the wavelength determination. We did calibration fitting
with and without the 3459.32 A line, and found no signifi-
cant difference in the wavelength calibration. Reassigning
the Ne II line to another possible wavelengths, namely
3456.61 A (Ne II) or 3460.524 A (Ne I), would result in a
break in the linearity of the spectral dispersion at this
region. This does not seem to be convincing since the
linearity in all other cases is quite consistent. However, we
point out that this line may be affected by blends with lines
from low charge states. This is a general problem for all

Table II. Visible lines from highly charged Kr ions.

E (beam) (eV) Relative intensity Wavelength (A) Ton charge state I, (eV) @ Transition

(500)© 30 3609.1 £ 0.5 < Kr XVI 490.1 (b)

(970)© 10 3609.9 £ 0.5 < Kr XXIII 935.4 (b)

(970)© 10 3600.0 + 0.4 < Kr XXIII 935.4 (b)

900 120 3466.6 + 0.2 Kr XXII 885.5 3s3p® Ds,»-"Ds) [8,10]
350 40 3586.1 £ 0.5 Kr V-Kr XI <310 (b)

970 1000 3841.1+0.2 Kr XXIII 935.4 3s%3p? (°P;-°P,) [8,11,23]
(3100)© 14 3739.1+£0.3 < Kr XXIX 3068.6 (b)

(a) Ionization potential of the next lower-charge state ion to overcome in making the ions of interest [24].

(b) Atomic transition not available.

(c) The electron energy where the observation was made. The line could have been produced at smaller electron beam energies.
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such measurements given the high density of lines from low
charge states.

The third strongest line is at 3586.1+0.5A. We could
not narrow down the range of charge state of this line.
This line did not exist in a spectrum taken in the inverted
trap mode; it appeared clearly at an electron energy of
350eV. The charge state of the ion that emits this line
therefore is likely within the range of Kr#+-Kr!0+,

Several other lines we found are quite weak, as shown in
brackets in Table II. Because the lines are too weak for us
to clearly determine their charge states (judging by their
appearance on the spectra taken at different energies), we
present the data where the observations were made, and
without excluding the possibility that the lines might
appear at smaller electron beam energies. Figure 3 shows
one of the weak lines from a highly charged Kr ion, which
was observed best at an electron energy of 3300eV at a
wavelength of 3739.14+0.3A. Because of its threshold
energy, we attribute the line to charge states less or equal
than Kr!8*.

Other than the Si-like ion Kr line at 3841.1 A and the
P-like Kr ion line at 3466.6 A, the atomic transitions for
the rest of the lines are not yet known. One reason for this
is that theory so far is unable to predict the fine structure
intervals in many-electron heavy ions with sufficient accu-
racy. There are numerous tabulated predictions (of which
we just list a few representative examples) on transitions
in the n =2 ground complex in Li- to F-like ions [25] as
well as on the » = 3 ground complex in Al- to Cl-like ions
[26-40], and on levels up to the n = 3 shell in Ne-like ions
[41], as well as semi-empirically adjusted systematization
of many forbidden transitions [23]. However, none of these

137

provides suitable candidates to identify our lines with. The
next group of levels to consider is the 3d level, some of
which have a total angular momentum J that is at least
two units higher than that of any level in the ground
complex, so that low-rate M2 and similar high-multipole
order transitions may be dominant decay branches of
consequently long-lived levels. Some of these levels make
prime candidates for our unassigned lines. However,
predictions of these levels and their decay properties are
both incomplete and suffer from large uncertainties of the
calculated level energy differences — while the experiment
suffers from the fact that at most one out of several decay
branches of a given 3d level would fall into our range of
observation, leaving only a fraction of the total level popu-
lation to be observed via a given line.

Table III provides more detailed information on the
measured line features. Fitted wavelengths and the errors
(in brackets) are given in the first Column. It is noted that
many line features appeared in the measured spectra; but
only those which are relatively strong (relative intensity
close to and above 10) are listed in the table. Most of the
listed line features are from low charge state ions observed
in the inverted-trap mode. The charge states of these ions
are expected to be in the range from neutral to 3 or 4 times
ionized atoms. Some spectral features appeared weakly in
the inverted trap spectra, such that they could not be fitted
properly. In order to determine the wavelength of these
weaker lines, we fitted them using data acquired at higher
electron beam energies (typically 350-1000eV). Because
there were weak indications of some of those lines existing
under inverted-trap conditions, we could not determine the
charge states of some of the lines, which we then labeled
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Fig. 3. Sections of Kr spectra at three electron beam energies, 3400 €V (top), 3300 eV (middle) and 3100 eV (bottom). A line that appears at a beam energy of 3300 eV

is consequently attributed to Kr XXVIIL
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Table III. Summary of Kr lines measurements.

Wavelength (A)* Relative intensity* Trap condition® Ion charge state® Wavelength (A)° Ion charge state® Ref.
3466.6(2) 120 900eV Kr XXII 3464.7+0.6 Kr XXII [8]
3467.3(2) 60 Indeterminate

3469.9(2) 22 Inverted Trap Kr I-Kr V

3474.5(2) 16 Inverted Trap Kr I-KKr V 3474.65 Kr III [3]
3488.4(2) 50 Inverted Trap Kr I-Kr V 3488.59 Kr IIT

3492.5(5) 14 Inverted Trap Kr I-Kr V

3497.0(2) 16 Inverted Trap Kr I-Kr V

3498.2(3) 12 Inverted Trap Kr I-Kr V

3507.3(3) 82 Inverted Trap Kr I-Kr V 3507.42 Kr III [3]
3514.3(2) 12 Inverted Trap Kr I-Kr V

3534.8(3) 24 Indeterminate

3535.5(2) 32 Inverted Trap Kr I-Kr V

3549.9(2) 18 Inverted Trap Kr I-Kr V

3554.8(2) 8 Inverted Trap Kr I-Kr V

3555.7(2) 18 Indeterminate

3564.2(2) 50 Inverted Trap Kr I-Kr V 3564.23 Kr IIT [3]
3567.5(3) 10 Indeterminate

3586.1(5) 40 350eV Kr V - Kr XI

3589.4(4) 16 Inverted Trap Kr I-Kr V

3599.0(4) 14 Inverted Trap Kr I-Kr V

3600.0(4) 10 <970eV <Kr XXIII

3607.9(4) 32 Inverted Trap Kr I-Kr V 3607.88 Kr I [4]
3609.1(5) 30 <500eV <Kr XVI

3609.9(5) 10 <970eV <Kr XXIII

3615.7(5) 8 Indeterminate

3623.6(5) 10 Inverted Trap Kr I-Kr V

3631.9(4) 8 Inverted Trap Kr I-Kr V 3631.889 Kr 1T [5]
3637.7(4) 12 Inverted Trap Kr I-Kr V

3641.3(5) 20 Inverted Trap Kr I-Kr V 3641.34 Kr III [3]
3648.5(4) 16 Inverted Trap Kr I-Kr V

3660.3(4) 11 Inverted Trap Kr I-Kr V

3665.3(5) 45 Indeterminate

3667.6(4) 20 Inverted Trap Kr I-Kr V

3680.4(5) 10 Inverted Trap Kr I-Kr V

3686.1(2) 32 Indeterminate

3690.7(2) 24 Inverted Trap Kr I-Kr V 3690.65 Kr III [21]
3696.7(3) 12 Indeterminate

3712.9(3) 10 Indeterminate

3718.4(2) 46 Inverted Trap Kr I-Kr V 3718.595 Kr II [5]
3721.4(2) 38 Inverted Trap Kr I-Kr V 3721.35 Kr II [5]
3726.4(3) 14 Indeterminate

3732.8(2) 25 Inverted Trap Kr I-Kr V

3735.8(2) 31 Inverted Trap Kr I-Kr V

3739.1(3) 14 <3100 eV <Kr XXIX

3740.5(3) 13 Inverted Trap Kr I-Kr V

3741.7(2) 20 Inverted Trap Kr I-Kr V 3741.638 Kr II [5]
3744.8(2) 72 Inverted Trap Kr I-Kr V 3744.8 Kr II [4]
3747.7(4) 8 Indeterminate

3749.5(3) 14 Indeterminate

3754.3(2) 54 Inverted Trap Kr I-Kr V 3754.245 Kr II [5]
3759.2(2) 12 Inverted Trap Kr I-Kr V

3765.6(3) 10 Inverted Trap Kr I-Kr V

3771.2(2) 20 Inverted Trap Kr I-Kr V

3773.4(3) 11 Inverted Trap Kr I-Kr V

3776.5(3) 8 Inverted Trap Kr I-Kr V

3777.9(2) 17 Inverted Trap Kr I-Kr V 3778.089 Kr II [5]
3783.0(2) 8 Inverted Trap Kr I-KKr V 3783.095 Kr 11 [5]
3785.6(2) 47 Inverted Trap Kr I-Kr V

3788.0(2) 14 Inverted Trap Kr I-Kr V

3792.6(2) 31 Inverted Trap Kr I-Kr V

3795.6(3) 10 Inverted Trap Kr I-Kr V

3804.8(3) 8 Indeterminate

3806.0(3) 12 Inverted Trap Kr I-Kr V

3817.4(2) 10 Inverted Trap Kr I-Kr V

3819.9(3) 10 Inverted Trap Kr I-Kr V

3822.2(3) 12 Inverted Trap Kr I-Kr V

3832.0(2) 80 Inverted Trap Kr I-Kr V

3835.0(2) 50 Inverted Trap Kr I-Kr V

3836.8(2) 68 Inverted Trap Kr I-Kr V
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Table III. Continued.
Wavelength (A)? Relative intensity® Trap condition® Ion charge state® Wavelength (A)° Ton charge state® Ref.
3841.1(2) 1000 970 eV Kr XXIIT 3832; Kr XXIIT [217; [7); [11]
3840.9+0.3;
3841.4+£0.2
3844.4(2) 83 Inverted Trap Kr I-Kr V
3857.1(2) 15 Inverted Trap Kr I-Kr V
3858.5(2) 14 Inverted Trap Kr I-Kr V
3860.3(3) 14 Inverted Trap Kr I-Kr V 3860.58 Kr IV [19]
3864.7(3) 16 Inverted Trap Kr I-Kr V
3868.7(2) 20 Inverted Trap Kr I-Kr V 3868.7 Kr III [3]
3872.7(2) 24 Inverted Trap Kr I-Kr V
3875.4(2) 60 Inverted Trap Kr I-Kr V 3875.44 Kr II [4]

“Present measurements.
®Data from references listed in the last column.

as indeterminate. Few lines appeared only at higher elec-
tron beam energies, and the probable ion states of these
lines (Column four) are given in the table.

The previously measured lines are given in the last three
columns as references. We note that the plasma conditions
in our work are different from those in the earlier obser-
vations of transitions in neutral and low-charge state ions,
which generally were characterized by a higher electron
density than that of the present measurements. We list the
relative intensity of the observed lines in Table III in order
to enable comparisons with optical models that may be
developed in the future.
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